INTRODUCTION
The analysis of thymic selection in T-cell receptor (TCR) transgenic mice has demonstrated that the specificity of the TCR determines the fate of immature thymocytes. Thymocytes bearing TCRs specific for self major histocompatibility complex (MHC) class I proteins differentiate into CD8 / T cells (Kisielow et al., 1988b; Sha et al., 1988a Sha et al., , 1988b Teh et al., 1988) , whereas thymocytes bearing TCRs specific for self MHC class II proteins differentiate into CD4 / T cells (Berg et al., 1989b; Kaye et al., 1989) . These studies have also demonstrated that a thymocyte will die if its TCR cannot bind self MHC proteins, ensuring that all mature T cells are likely to recognize foreign peptides bound to self MHC molecules. Finally, studies of TCR transgenic as well as normal mice have demonstrated that any thymocytes that respond to self antigen expressed in the thymus are eliminated (negative "Corresponding author. selection) (Berg et al., 1989a; Kappler et al., 1987 Kappler et al., , 1988 Kisielow et al., 1988a; Sha et al., 1988a) .
The variables controlling clonal deletion in the thymus have not been completely described. Previous studies examining heterogeneous TCRs have demonstrated that a threshold exists, below which concentrations of antigen are incapable of inducing clonal deletion (Schild et al., 1990 ). In addition, it has been shown that the extent of clonal deletion, for a single TCR, also depends on antigen concentration (Spain and Berg, 1992; Vasquez et al., 1992) . However, no systematic examination of the effects of MHC sequence variability and surface density on negative selection of a single defined TCR has been described. Our previous studies using a TCR transgenic mouse system demonstrated that the efficiency of positive selection is profoundly influenced by alterations in both the surface density and the specific sequence of MHC molecules expressed in the thymus (Berg et al., 1990) . These results suggested that the induction of self-tolerance via clonal deletion might also be sensitive to subtle alterations in the expression of MHC molecules.
A second unresolved issue of T-cell development is how thymocytes are able to distinguish the MHC/peptide complexes inducing positive selection from those inducing negative selection. One possibility is that the affinity of the TCR for the MHC/peptide ligands encountered in the thymus is the sole determinant of thymic selection. Alternatively, it has been suggested that different antigenpresenting stromal cells of the thymus may be specialized in their ability to mediate these two selection events by providing specific costimulatory interactions. (Lo and Sprent, 1986; Marrack et al., 1988, Benoist and Mathis, 1989; Berg et al., 1989) . In addition, we and others (Lo and Sprent, 1986; Benoist and Mathis, 1989; Berg et al., 1989) (Spain and Berg, 1992 (Fig. 2 ). The 2B4 hybridoma was originally generated from an H-2 k mouse immunized with pigeon cytochrome c (Hedrick et al., 1982) . As with most I-Ek/cytochorme c reactive T cells, the 2B4 hybridoma responds better to the homologous peptide from moth cytochrome c than to the original immunogen, pigeon cytochrome c (Hedrick et al., 1982; Fox et al., 1987 (Berg et al., 1989b) . In those experiments, 2B4/CD4+T cells developed in AY mice, but not in mice lacking I-E or expressing it only on stromal cells of the thymic medulla (Berg et al., 1989b Fig. 3 ), cytochrome c protein was less efficient than synthetic peptide at mediating downregulation in both AY and control H-2 k 2B4 transgenic thymus fragments (Fig. 4) . However, at concentrations of 1 tM and higher, whole cytochrome c protein induced an equivalent effect on
CD4hiCD8
hi cells in both AY and H-2 k thymuses (Fig. 4) order to examine the effects of antigen concentration, MHC surface density, and MHC allele specificity on the efficiency of negative selection. The fine specificity of the 2B4 TCR has been characterized in great detail (Hedrick et al., 1982) . The 2B4 hybridoma was generated by immunizing an H-2 a (I-E kpositive) mouse with pigeon cytochrome c. However, in addition to responding to PCC + I-Ek, this hybridoma also responds to MCC +I-Ek. In fact, about tenfold lower concentrations of MCC peptide than PCC peptide are required to elicit the same level of resposne. Additionally, this hybridoma cross-reacts on MCC plus the hybrid I-E molecule, Ek/E, although the response to this ligand also requires about tenfold more peptide to elicit an equivalent response (Fink et al., 1986 (Berg et al., 1990) . In this regard, clonal deletion is much more similar to positive selection than it is to activation, because activation of the 2B4 hybridoma is not sensitive to this same difference in MHC surface density (Hedrick et al., 1982) . In fact, primary in vitro stimulation of T cells from cytochrome c-primed mice (Matis et al., 1982a (Matis et al., , 1983 as well as stimulation of long-term cytochrome c-reactive T-cell lines (Matis et al., 1982b) (Berg, 1989b (Murphy et al., 1990) , the thymic cortex.
Our results are inconsistent with reports that thymic epithelial cells are less efficient than other thymic stromal cells at deleting thymocytes (von Boehmer and Hafen, 1986; von Boehmer and Schubiger, 1984; Carlow et al., 1992 (Carlow et al., 1992) . In a recent study, Jenkinson and co-workers (1992) 
Thymic Organ Cultures
Neonatal thymuses were cultured according to procedures previously described (Spain and Berg, 1992 
FACS Analysis
Directly conjugated rat anti-mouse CD4-PE and directly conjugated rat anti-mouse CD8-Red 613 monoclonal antibodies were purchased from GIBCO-BRL. Other antibodies used were hamster anti-mouse CD3 (clone 500A2) Havran, et al., 1987 biotinylated anti-V3 (clone KJ25) Pullen, et al, 1988 and FITC-conjugated anti-2B4 c chain (clone A2B4-2) (Samelson et al., 1983 
